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Abstract
Due to their specific properties, natural fiber based composites are being widely used. These bio-composites are less density
materials that require less energy during machining and production.  Due to hydrophilic nature of fiber, the bonding between
matrix and fiber is weak.  To enhance this quality, various chemical treatments are used.  Mercerization process has been
reported widely by many as a process that improves the mechanical properties of composite significantly. The aim of this work
is to present a comparison of machinability of jute fiber reinforced composite prepared by using untreated and alkali treated
fiber.  Drilling was carried out in a Vertical Machining Centre using HSS twist drill.  The quality of hole is compared based on
the delamination factor obtained by digital image processing technique, on both sides.  Factorial design based experiments were
conducted at different levels of speed and feed rate.  Analysis of variance has been used to study the influence of chemical
treatment on delamination. GRA is employed to find the optimum drilling condition.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Polymer based composites are widely used in high performance applications like formula one cars, sport goods
including tennis rackets, cycle frames etc.  The properties that make them superior over conventional metals are
high strength-to-weight ratio, corrosion resistance, less production cost and lesser maintenance.  These composites
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are made using manmade fibers such as E-glass, Carbon, Kevlar etc.  In recent years there is a major thrust in using
natural fibers for making composite materials.
Jute, Sisal, Bamboo, Banana, Agave are some of the widely used natural fibers as they are low-density materials
resulting in a comparatively lighter weight composites with high specific properties [1].  Natural fiber composites
have lesser environment impacts when compared to glass.  They possess good combination of low specific mass
and high specific mechanical properties.  However their poor wettability and high moisture absorption ability leads
to debonding with time [2].  Generally the natural fibers are hydrophilic (due to dominant hydroxyl and polar
groups) and polymer matrices are hydrophobic in nature.  This results in insufficient adhesion.  Modification to
fiber surface by physical of chemical means, improves the bonding [2,3].  By imparting hydrophobicity to fibers,
by chemical treatment, its mechanical and environmental properties can be enhanced [4].  Various chemical
treatments used so far include using Y-aminopropyl trimethoxy silane, isopropyl triisostearyl titanate, diisocyanate,
lignin, alkali treatment (mercerization), bleaching etc [4,5].  M F Rosa et al [5] showed that composite made with
mercerized fiber showed a significant 33% improvement in tensile strength and 75% improvement in tensile
modulus.  A C de Albbuquerque et al concluded that alkali treated jute fabric reinforced (JFRP) composite showed
better mechanical properties due to better mechanical interlocking at the interface of fiber and matrix.
Drilling is one of the most widely done machining processes on laminates.  It induces undesirable damages like
delamination on the surfaces of the laminates and fiber pullout, due to concentration of forces on the tool tip.  This
affects the performance of laminates in long run. Peel up and push down are two mechanisms of delamination that
have been reported by many authors.  Push out delamination has been reported to be severe than peel up.  Tool
material and geometry also influence drilling induced delamination.  The quality of a machined hole is measured in
terms of delamination factor (direct method) or thrust & torque developed (indirect method) [6-12].  The damage
around the drilled hole is determined either visually or by using techniques like ultrasonic scan, acoustic
microscopy, digital image processing etc.  The visual inspection has drawbacks in obtaining the accurate level of
damage around the hole [13].  P J Davim et al [14] used ImageJ, an open source digital image processing tool
issued by National Institute of Health, USA, to determine the damage around the hole.
Grey relational analysis optimizes by converting the multi performance characteristics into a single performance
characteristic called grade.  B K Satapathy et al [15] used GRA as an effective tool to assess the fiber contribution
on frictional behavior of composite.  Ramanujam et al [16] optimized the cutting parameters during turning process
by employing GRA.
In the present work, influence of surface modification of fiber by alkali treatment on delamination factor is
presented.  Untreated (UT) JFRP and alkali treated (T) JFRP were fabricated, machined and compared.  Analysis of
variance (ANOVA) has been employed to study the significance of treatment.  Full factorial design based
experiments were conducted.  GRA has been used to optimize the cutting parameters..
Nomenclature
A Drilling Speed (m/min)
B Feed rate (mm/rev.)
C Fibre treatment
Fd Delamination factor
dmax Maximum delamination diameter
d Hole diameter
DF Degrees of Freedom
SS Sum of Squares
MS Mean of Squares
Ftest Ratio of MS of variable to Error
Fchart value at 95% confidence level
P % contribution
JFRP Jute Fibre Reinforced Plastic
HSS High Speed Steel
PE Polyester
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2. Experiment
2.1. Material
In this work, jute (Corchorus oliotorus) is used for specimen preparation.  The properties of the fiber are given
in Table-1.  Jute fabric was weaved in a facility located in Kancheepuram district, Tamilnadu, India.  Unsaturated
Polyester resin (PE) was used as received with 1% Cobalt Napthalate as accelerator.  Methyl Ethyl Ketone
Peroxide (MEKP) was used as the catalyst.
Table 1. Properties of Jute fiber.
2.2 Fiber treatment
The woven fiber mats were treated by mercerization process.  The mats were pre-washed with distilled water
and dried at 50oC for 24 hr and at room temperature for another 24 hr.  They were immersed in 5% sodium
hydroxide (NaOH) solution for 90 min and washed thoroughly to remove any observed alkali [17].  The mats were
then dried at 50oC in an oven for 2 hr followed by drying in room temperature for 48 hr.
2.3 Fabrication
Both UT and T- JFRP were fabricated in-house by hand lay-up technique.  Required quantity of PE was taken
in a pot and calculated amount of MEKP was added and stirred thoroughly to get adequate mixing.  The mats were
placed in between steel plates inside an aluminum mould, sprayed with a releasing agent.  Alternate layers of resin
and fabric were laid and the setup was compressed using a hydraulic compression molding machine at 2.4 MPa for
24 hrs, shown in Fig.1.  The final composites had approximately 70% vol. of resin and 30% vol. of fiber.  The
average thickness of the final laminates was 3.75 mm.
Fig. 2. Tools used - HSS –Twist drill
Fig. 1. Compression molding machine
Property Value
Specific Gravity 1.3
Tensile Strength (MN/m2) 442
Young’s Modulus ( MN/m2) 55.5
Specific Strength (MN/m2) 340
Specific Modulus (GN/m2) 42.7
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2.4 Machining
The drilling operation was carried out on HASS VF2 SSYT Vertical Machining Centre, under dry conditions,
shown in Fig. 3.  Separate drill bit was used for drilling both laminates.  The machining details are given in Table
2.
Table 2.Machining Conditions
Fig. 3 Vertical Machining Centre
2.5 Design of experiments
Full factorial based design was employed in designing the experiments for the considered factors and levels
[18].  The factors and levels are given in Table 3 and experiment order in Table 4.
Table 3. Factors and Levels
Symbol Factors Level1 2 3 4
A Speed(m/min) 9.42 15.072 20.724 26.376
B Feed rate(mm/rev) 0.03 0.06 0.09 0.12
C Material UT T
Table 4. Order of experiments
Expt. speed Feed Material
1 1 1 1
2 1 2 1
3 1 3 1
4 1 4 1
5 2 1 1
6 2 2 1
7 2 3 1
8 2 4 1
9 3 1 1
10 3 2 1
11 3 3 1
Parameter Description
Specimen JFRP with Untreated and Treated fiber mat.Approx. 70% vol. PE and 30% fiber
Drill tool Φ6 mm, twist drill, HSS, 118o point angle
Machining
parameters
Drilling Speed (m/min) – 9.42, 15.072, 20.724 & 26.376
Feed rate (mm/rev) – 0.03, 0.06, 0.09 & 0.12
Machining
condition Dry (no coolant & Lubricant)
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12 3 4 1
13 4 1 1
14 4 2 1
15 4 3 1
16 4 4 1
17 1 1 2
18 1 2 2
19 1 3 2
20 1 4 2
21 2 1 2
22 2 2 2
23 2 3 2
24 2 4 2
25 3 1 2
26 3 2 2
27 3 3 2
28 3 4 2
29 4 1 2
30 4 2 2
31 4 3 2
32 4 4 2
2.6 Determination of Delamination factor
The quality of the hole was determined based on the delamination factor.  The drilled specimens were scanned
at a resolution of 600 dpi and the images were processed using a public domain software, Image J v1.46 (National
Institute of Health, USA).  The delamination factor (Fd) was calculated from the ratio of maximum delamination
diameter (dmax) to drill diameter (d) given in Eq. (1) [14]:
d
dFd max (1)
2.7 Grey Relational Analysis
GRA was first proposed many decades ago and has been used extensively.  It is applied in evaluating the
performance of complex parameters.  Here, the data preprocessing is first performed in order to normalize the raw
data.  The original reference sequence and pre processed data are given by x0(0) (k) and xi(0) (k), i = 1, 2,…m and k
= 1, 2,…n respectively, where m is no. of experiments and n is total no. of observations.  In the original data, since
smaller the better is the desired quality characteristics, a linear normalization, given in Eq.2, is used in processing
the raw data.
)(min)(max
)()(max)( )0()0(
)0()0(
*
kxkx
kxkxkx
ii
ii
i (2)
Deviation sequence, ∆max and ∆min are then calculated from the normalized values using the equations given in Eq.
2, 3 & 4 respectively.
)()()( **00 kxkxk ii (3)
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)()(maxmax **0max kxkx ikij (4)
)()(minmin **0min kxkx ikij (5)
The grey relational coefficients are calculated using Eq. 6.  These coefficients give the relation between ideal and
actual normalized experiment results.  ξ is the distinguishing coefficient defined in the range 0 to 1.  Normally ξ is
given a value of 0.5
max0
maxmin**
0 ))(),(( ξ
ξγ
ik
i kxkx (6)
The overall evaluation of multiple performance characteristics is based on the grey relational grade given by Eq. 7.
It is the weighted average of grey coefficients.
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3. Results and Discussions
3.1 Delamination Factor
(a)
(b)
(c)
(d)
Fig.4 images showing drilling induced delamination around holes on JFRP (a) UT – entry side (b) UT – exit side (c) T – entry side (d) T – exit
side, for all the 16 experiments designed (left to right)
The processed images showing the drilling induced delamination around the holes are given in Fig. 4.  All the
experiments were repeated twice and the delamination factor was determined using Eq. (1), for all combination of
speed and feed, which is presented in Table 5.  The graphs showing delamination factor at considered feed rates,
for all speeds, are given in Fig. 5.  From these, it can be concluded that maximum delamination occurs at higher
feed rate at both entry and exit.  The T-JFRP shows an improvement in quality of hole at higher speed – feed
combination on both sides.  The mercerization process reduces delamination, but only slightly. The effect of
treatment in reducing the delamination is more on the exit side than on the entry side.  So it can be said that alkali
treatment reduces push down delamination more when compared to peel up.  This may be due to the enhanced
mechanical behavior of the composite due to the treatment.
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a)
(a) (b)
b)
Fig.5 Graph showing delamination factor vs feed rate at all speeds for UT and T at (a) entry side (b) exit side
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Table 5. Average delamination factor, GRA grade and rank
3.2 Grey Relational Analysis
Grey relational analysis was performed to find the optimum drilling condition.  The multiple responses are
converted into a single response called GRA grade.  The higher grade indicates that the experiment is closer to
optimum cutting condition.  GRA grade was calculated for the experiments.  The grey coefficients and grades are
given in Table 5.  Based on the grade, the experiments were ranked.  The cutting conditions that are closer to the
Expt. no Ave. delamination Grey Coefficient Grade Rank
ENTRY EXIT ENTRY EXIT
1 1.094 1.100 0.578 0.878 0.728 1
2 1.167 1.191 0.423 0.490 0.456 23
3 1.194 1.169 0.385 0.549 0.467 22
4 1.172 1.164 0.415 0.564 0.490 18
5 1.128 1.127 0.493 0.711 0.602 5
6 1.149 1.179 0.453 0.521 0.487 19
7 1.180 1.086 0.403 1.000 0.702 3
8 1.190 1.114 0.390 0.783 0.586 6
9 1.202 1.187 0.374 0.500 0.437 26
10 1.156 1.113 0.440 0.789 0.615 4
11 1.176 1.201 0.410 0.468 0.439 25
12 1.240 1.145 0.334 0.631 0.482 20
13 1.142 1.146 0.465 0.627 0.546 11
14 1.105 1.215 0.548 0.439 0.494 17
15 1.128 1.256 0.493 0.373 0.433 28
16 1.227 1.262 0.346 0.365 0.356 32
17 1.019 1.187 0.927 0.500 0.714 2
18 1.086 1.211 0.602 0.447 0.524 12
19 1.105 1.153 0.548 0.601 0.575 7
20 1.156 1.157 0.440 0.587 0.514 14
21 1.160 1.134 0.434 0.678 0.556 10
22 1.186 1.165 0.395 0.561 0.478 21
23 1.200 1.140 0.377 0.652 0.514 13
24 1.210 1.214 0.365 0.441 0.403 29
25 1.190 1.186 0.390 0.502 0.446 24
26 1.180 1.121 0.404 0.743 0.573 8
27 1.150 1.227 0.451 0.417 0.434 27
28 1.230 1.135 0.343 0.673 0.508 15
29 1.130 1.141 0.489 0.647 0.568 9
30 1.100 1.216 0.561 0.437 0.499 16
31 1.140 1.288 0.469 0.333 0.401 30
32 1.231 1.241 0.342 0.395 0.368 31
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optimum, considering the delamination factor at both entry and exit, are speed – level 1 (9.42 m/min), feed – level
1 (0.03 mm/rev) and material – level 1 (untreated).  According to GRA, UT-JFRP is giving better quality hole than
T-JFRP.
3.3 Analysis of Variance
ANOVA is used to investigate the influence of process parameter on the performance characteristic.  It was
performed using the grades obtained during GRA and the result is presented in Table 6.  From the table it is
evident that the influence of speed-feed combination is the most significant factor with contribution of 44.25%, at
95% confidence level.  It can be observed that the fiber treatment is insignificant in influencing the delamination
factor.  The contribution of error was only 6.46%.  This indicates that the model explains about 93.53% of the
variations.
The mean of grades for different levels of factors is presented in Table.7.  It can be seen that UT-JFRP with
average grade of 0.520 gave lesser delamination around the hole than T-JFRP with average grade of 0.502.  The
near optimum cutting conditions, based on the mean of grades, were achieved with cutting speed at level 1, feed
rate at level 1 and material at level 1.  Main effects plots, shown in Fig. 6, confirm the same.
Table 6. ANOVA table for GRA grade
Table 7. Mean response of Grade
Level 1 level2 level 3 level 4
A 0.559 0.541 0.492 0.458
B 0.575 0.516 0.496 0.464
C 0.520 0.505
Fig.6 Main effects plot for GRA Grade
Source DF Seq SS Adj SS Adj MS F-test F chart % cont.
A 3 0.050445 0.050445 0.016815 8.77 3.863 18.865
B 3 0.052582 0.052582 0.017527 9.14 3.863 19.664
C 1 0.001829 0.001829 0.001829 0.95 5.117 0.684
A*B 9 0.118309 0.118309 0.013145 6.85 3.179 44.245
A*C 3 0.02516 0.02516 0.008387 4.37 3.863 9.409
B*C 3 0.001812 0.001812 0.000604 0.31 3.863 0.678
Error 9 0.017262 0.017262 0.001918 6.456
Total 31 0.267398
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4. Conclusions
Composites using untreated and alkali treated jute fabric were fabricated, machined and analyzed.  The quality
of hole was determined in terms of delamination factor at both entry and exit sides.  GRA was performed to find
the single optimum cutting conditions.  Anova was performed to find the highest influential factor on
delamination.  Based on the results, the following conclusions could be drawn.
Delamination increases with feed rate.
The effect of treatment reduces the push down delamination more than peel up delamination.
Based on GRA grades, out of the 16 experiments done with T JFRP, 10 experiments are placed in top 16,
indicating its better performance than UT-JFRP.
Alkali treatment reduces delamination factor slightly.  But the effect of fiber treatment on delamination
factor is insignificant, as suggested by ANOVA.
Based on GRA, the highest grade or best performance was achieved for experiment order 1 with grade
0.728 and least performance, with grade of 0.356, was given by experiment order 16.
Optimum speed and feed rate, at both entry and exit sides, are 9.42 m/min and 0.03 mm/rev.  The
preferred material is untreated jute fabric.
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